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Saltatory conduction in myelinated axons requires or-
ganization of the nodes of Ranvier, where voltage-
gated sodium channels are prominently localized [1].
Previous results indicate that aII-spectrin, a compo-
nent of the cortical cytoskeleton [2], is enriched at
the paranodes [3, 4], which flank the node of Ranvier,
but aII-spectrin’s function has not been investigated.
Starting with a genetic screen in zebrafish, we discov-
ered in aII-spectrin (aII-spn) a mutation that disrupts
nodal sodium-channel clusters in myelinated axons
of the PNS and CNS. In aII-spn mutants, the nodal so-
dium-channel clusters are reduced in number and dis-
rupted at early stages. Analysis of chimeric animals
indicated that aII-spn functions autonomously in neu-
rons. Ultrastructural studies show thatmyelin forms in
the posterior lateral line nerve and in the ventral spinal
cord in aII-spn mutants and that the node is abnor-
mally long; these findings indicate that aII-spn is re-
quired for the assembly of amature node of the correct
length. We find that aII-spectrin is enriched in nodes
and paranodes at early stages and that the nodal ex-
pression diminishes as nodes mature. Our results
provide functional evidence that aII-spectrin in the ax-
onal cytoskeleton is essential for stabilizing nascent
sodium-channel clusters and assembling the mature
node of Ranvier.
Results and Discussion
To identify genes essential for the formation of the no-
des of Ranvier, we conducted a genetic screen for mu-
tants with abnormalities in the localization of voltage-
gated sodium channels in myelinated axons (M.G.V.
and W.S.T., unpublished data). By using an antibody
against sodium channels (anti-panNavCh [5]), we visual-
ized nodes of Ranvier in whole-mount larvae [6] at 5 days
postfertilization (dpf). From this screen, we isolated the
st60 mutation, which reduces the number of sodium-
channel clusters but leaves axons in the CNS and PNS
intact (Figures 1A–1D). The gross morphology of st60
*Correspondence: talbot@cmgm.stanford.edumutants is normal through 4 dpf (data not shown). By
5 dpf, mutants develop mild pericardial edema and liver
necrosis (Figures 1K and 1L). The mutants fail to inflate
their swim bladders and die by 15 dpf. We find that the
node phenotype arises by 3 dpf, well before these mor-
phological defects are apparent.
In st60 mutants, the number of normal nodal sodium-
channel clusters is reduced in the posterior lateral line
nerve (PLLn; Figures 1A–1B), motor nerves (Figures 1I
and 1J), and the spinal cord (Figures 1C–1D). At 4 dpf,
the st60 mutant PLLn contains on average 140 clusters
(n = 5 larvae, SD = 20), compared to 231 clusters (n = 5
larvae, SD = 16) in wild-type siblings. Among the clusters
that are present in the mutant, 83% (SD = 7%) of them
have abnormalities, including fragmented appearance
(Figure 1H, lower-left arrow), asymmetry, and excep-
tional length, whereas only 14% (SD = 4%) of wild-type
clusters have these characteristics. The st60 mutant
phenotype is first evident at 3 dpf, approximately
0.5 dpf after immature sodium-channel clusters first ap-
pear in the lateral line nerve (Figure S1 in the Supplemen-
tal Data available online). In the CNS, st60 mutants also
have a strong reduction in the number of nodal sodium-
channel clusters. In the spinal cord, the average number
of sodium-channel clusters per field of view at 5 dpf (see
Supplemental Data) was 60 in the wild-type (n = 5 larvae,
SD = 7) and 19 in st60mutants (n = 5 larvae, SD = 2). As in
the PNS, most of the clusters that are present in the st60
mutant spinal cord have an abnormal appearance (79%,
SD = 12%), whereas only 9% (SD = 3%) of the clusters
are fragmented or disorganized in wild-type siblings. In
st60mutants, even clusters with apparently normal mor-
phology are typically labeled less intensely with the pan-
NavCh antibody, suggesting that there may be fewer so-
dium-channel proteins localized to the mutant nodes
than in wild-type siblings. We conclude that the st60
gene is essential for the proper formation of sodium-
channel clusters at the nodes of Ranvier in the larval
PNS and CNS.
To learn whether myelination is impaired in st60 mu-
tants, we examined Myelin basic protein (MBP) expres-
sion [7, 8] in 5 dpf larvae. In the PLLn, MBP expression is
similar in mutants and wild-type siblings (Figures 1E–
1H). MBP expression is lost entirely in most st60 mutant
motor nerves, but occasionally a small region of a motor
nerve is associated with a glial cell expressing MBP (Fig-
ures 1I and 1J). In the spinal cord, the dorsal MBP ex-
pression domain is strongly reduced, whereas the ven-
tral domain is comparable to the wild-type (Figures 1E
and 1F). These results show that glial cells are present
and differentiating in some regions of st60 mutants, de-
spite the strong disruption of the nodes of Ranvier in the
associated axons.
The st60 Mutation Disrupts the aII-spectrin Gene
High-resolution mapping [9] placed st60 on LG 21, near
the CA-repeat marker Z13467 (3 recombinants/1102
meioses, Figure 2A). We assembled a rough genomic
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that the aII-spectrin (aII-spn) gene is tightly linked to
the st60 mutation (no recombinants among 1102 meio-
ses). Sequence analysis showed that the wild-type aII-
spn gene encodes a predicted protein of 2480 residues,
whereas a G > T mutation in st60 mutants introduces
a premature stop codon (Figure 2B). All st60 mutants
tested (n = 117) were homozygous for this nonsense mu-
tation, whereas all wild-type siblings tested (n = 45) were
heterozygous or homozygous for the wild-type allele.
During segmentation, aII-spn protein and mRNA are ex-
pressed widely in wild-type embryos (Figure 2E and
Figure S2A). At later stages, widespread expression of
mRNA and protein continues, and the aII-spn mRNA is
particularly abundant in the nervous system (Figure 2C;
Figures S2C, S2E, and S2G). Expression of aII-spectrin
mRNA and protein is strongly reduced in st60 mutants
(Figures 2D and 2F; Figures S2B, S2D, S2F, and S2H)
and thus provides further evidence that the mutants
lack aII-spn function. These data indicate that st60 dis-
rupts the aII-spn gene; thus, we refer to this mutation
as aII-spnst60.
aII-spectrin Functions Autonomously in Neurons to
Establish Sodium-Channel Clusters at the Node
of Ranvier
To determine whether aII-spn function is required in
neurons, glia, or both for organizing sodium-channel
clusters, we created chimeric embryos by transplanting
fluorescently labeled wild-type cells into aII-spnst60 mu-
tant embryos at early blastula stages. In seven such chi-
meras, several sodium-channel clusters with wild-type
morphology and staining intensity were observed along
wild-type axons in the PLLn (n = 4) and spinal cord (n = 3)
(Figure 2G and Figure S3; data not shown). No wild-type
glia were associated with the wild-type axons displaying
nodal clusters of wild-type morphology. We did not ob-
serve sodium-channel clusters with aII-spnst60 mutant
morphology in wild-type donor axons. Furthermore, in
the PLLn, there were no sodium-channel clusters with
wild-type morphology in mutant axons associated with
wild-type Schwann cells; we could not analyze this situ-
ation in the CNS because we rarely if ever obtained wild-
type oligodendrocytes in the chimeras. These results in-
dicate that aII-spn functions autonomously in neurons
for stabilizing sodium-channel clusters at nodes of
Ranvier. It is possible that aII-spectrin also has other
functions in glial cells, especially in light of the reduc-
tions in MBP in the motor nerves and dorsal spinal cord.
aII-Spectrin Is Enriched in Paranodes and Nodes
Recent work in mice has shown that aII-spectrin is en-
riched in the paranodes of myelinated nerves [3, 4],
and an earlier report indicated that an a-spectrin anti-
body labeled the node in rabbits [10]. As reported for
mice, aII-spectrin is diffuse throughout the internode
and enriched at the paranodes in the optic nerve and
PLLn of adult zebrafish (Figures 3A and 3B). In the
PLLn of embryos and larvae, however, aII-spectrin is en-
riched in both nodes and paranodes relative to inter-
nodes (Figures 3C–3I). In aII-spnst60 mutants, anti-aII-
spectrin does not label axons and thus demonstrates
specificity of the antibody (Figure 3H). In wild-type ani-
mals at 3 dpf, aII-spectrin was enriched at 73% of nodes,and 83% of nodes are flanked by aII-spectrin expression
in one or both paranodes (Figure 3I). At 9 dpf, 100% of
nodes are flanked by at least one paranode with en-
riched expression of aII-spectrin, and the proportion of
nodes enriched for aII-spectrin has declined to 18%
(Figure 3I). These data suggest that aII-spectrin may
function directly in the nodes of the developing PLLn
as well as in the paranodes and that aII-spectrin is grad-
ually lost from the node during maturation.
Ultrastructural Studies of Myelin and the Node of
Ranvier in aII-spnst60 Mutants
To examine the ultrastructure of myelin and the node of
Ranvier in aII-spnst60 mutants, we analyzed sections of
larvae by transmission electron microscopy. At 5 dpf,
axons in the PLLn and ventral spinal cord showed simi-
lar degrees of myelination in wild-type and mutant larvae
(Figures 4A–4D). Normal myelin was also apparent in
longitudinal sections through the PLLn in mutant larvae
at 3, 7, and 9 dpf (data not shown). These data indicate
that myelination is not significantly disrupted in regions
of aII-spnst60 mutants that exhibit strong defects in
nodal sodium-channel localization.
Analysis of longitudinal sections through the PLLn
showed that the node of Ranvier forms but does not ma-
ture in aII-spnst60 mutants (Figures 4E–4H; Table S1). In
the PLLn at 3 dpf, the node in aII-spnst60 mutants is
slightly longer than in the wild-type (Table S1). The
length difference is more pronounced at later stages.
At 9 dpf, the average node length in mutants was 672
nm compared to 393 nm in the wild-type, but nodal
width and juxtaparanodal width were not significantly
different (Table S1). Paranodal loops with transverse
bands at points of axon-glial contact are evident in aII-
spnst60 mutants (Figures 4I and 4J), but the number of
paranodal loops may be slightly reduced in the mutant
compared to wild-type siblings (Table S1). Similarly,
there is an apparent delay in the localization of Caspr
to the paranode in aII-spnst60 mutants (Figures S4A–
S4G). These results show that aII-spectrin is required
for assembling a mature node of Ranvier of the proper
dimensions.
In combination with the mutant phenotype, the local-
ization of aII-spectrin at nascent nodes and paranodes
raises the question of whether aII-spectrin functions pri-
marily at the node, the paranode, or both. It is likely that
aII-spectrin localizes in response to different cues at the
node and the paranode via independent interactions
with different proteins in each domain (summarized in
Figure S5). At the paranode, the membrane protein
Caspr interacts with aII-spectrin and bII-spectrin as
part of a complex including the cytoskeletal adaptors
ankyrin B and protein 4.1B [3, 4, 11]. Indeed, the fact
that paranodal localization of bII-spectrin is disrupted
in aII-spnst60 mutants (Figures S4H–S4J) provides
evidence for functional interactions between these cyto-
skeletal proteins at the paranode. A different mecha-
nism must recruit aII-spectrin to the node because
Caspr, ankyrin B, protein 4.1B, and bII-spectrin are
excluded from this domain. One possibility is that aII-
spectrin is localized to the node through interaction
with ankyrin G and bIV-spectrin [12–14]. Indeed, bIV-
spectrin localizes to the node and is required for the
maintenance of nodal architecture [15–17]. Do these
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564Figure 1. The Nodes of Ranvier Are Abnormal in st60 Mutants
(A–B) PLLn of the wild-type (A) and st60 (B) 5 dpf larvae labeled with anti-panNavCh (NaCh) and anti-acetylated tubulin (AcTub). Sodium-channel
clusters (indicated by arrowheads) have a distinct morphology in the wild-type (A and A0) but are abnormal in st60 mutants (B and B0).
(C–D) Spinal cords of 5 dpf larvae. Sodium-channel clusters (indicated by arrowheads) are more numerous and more regularly shaped in the wild-
type (C and C0) than in st60 mutants (D and D0).
(E and F) Lateral view of 5 dpf larvae labeled with anti-MBP. Wild-type larvae (E) have myelinated axons in a dorsal region (indicated by arrow-
head) and a ventral region (indicated by arrow) of the spinal cord. st60 mutants (F) express a reduced amount of MBP in the dorsal region (in-
dicated by arrowhead), but the ventral region is normal (indicated by arrow). MBP expression in the PLLn is similar in the wild-type and mutant ([E]
and [F], indicated by red arrowheads). Visualization of MBP in the PLLn is periodically interrupted by pigment-producing melanophores in both
the wild-type and mutants ([E] and [F], indicated by asterisks).
(G and H) PLLn of 5 dpf larvae labeled with anti-panNavCh and anti-MBP. Sodium-channel clusters form in the myelinated axons of both the wild-
type and mutants, but they are abnormally shaped in st60 mutants ([H], indicated by arrows). Unmyelinated axons have diffuse sodium-channel
expression in both the wild-type and mutants ([G] and [H], indicated by arrowheads).
(I and J) Motor nerves in 5 dpf larvae labeled with anti-panNavCh and anti-MBP. Mutant motor nerves usually lack MBP, but some have a short
region of MBP expression (J) that lacks sodium-channel immunoreactivity. Unmyelinated axons have diffuse sodium-channel expression ([I] and
[J], indicated by arrowheads).
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565Figure 2. The st60 Mutation Disrupts the aII-spectrin Gene, which Is Required Autonomously in Neurons for Sodium-Channel Clustering
(A) Positions of genetic markers along LG21 are shown with the number of recombinations out of 1102 meioses. BACs are indicated by yellow
boxes. The st60 mutation maps to a gap in the finished genomic sequence. A rough contig in the gap was built by alignment of sequences from
various sources, including genomic scaffold sequence (gray boxes, http://www.ensembl.org/), BACs, and cDNAs. Linkage to st60was tested for
five genes in the gap (indicated by blue bars).
(B) The intron-exon structure of aII-spectrin was determined by comparison of cDNA (GenBank accession number EF375552) and genomic se-
quences. The domain structure of the aII-spectrin polypeptide is also shown. Sequencing of the exons revealed a nonsense mutation in exon 33,
which truncates the ORF at amino acid 1491.
(C and D) RNA in situ hybridization detecting aII-spn transcripts in the wild-type (C) and aII-spnst60 mutant zebrafish (D) at 24 hpf (dorsal view with
anterior left). In the wild-type, expression of aII-spn is widespread and especially prominent in the brain, eyes, and cranial ganglia. Arrowheads
mark the region of trigeminal (shown in black) and PLL (shown in red) ganglia. Expression of aII-spn is greatly reduced in aII-spnst60 mutants. The
scale bar represents 100 mm.
(E–F) Wild-type (E) and aII-spnst60 mutant (F) embryos (anterior left, dorsal up) labeled with phalloidin (phal) and anti-aII-spectrin at 15 hpf. (E0)
and (F0) show anti-aII-spectrin labeling alone. Expression of aII-spectrin is ubiquitous in wild-type, whereas expression is nearly abolished in
aII-spnst60 mutants. The scale bar represents 100 mm.
(G, G0, and G0 0) Chimeric larvae generated by transplantation of fluorescently labeled wild-type cells into aII-spnst60 mutants were analyzed for the
ability to form sodium-channel clusters with the panNavCh antibody. A representative chimera is shown in (G) in which a single wild-type axon
from the PLLn is labeled with the lineage marker (red dextran in [G] and [G0 0]) and has a morphologically normal sodium-channel cluster (indicated
by arrowhead, shown in green in [G] and [G0]). The scale bar represents 5 mm.
(K and L) Imaging of live 5 dpf larvae shows that st60 mutants have necrosis in the liver ([K] and [L], indicated by black arrowheads), mild peri-
cardial edema ([L], indicated by red arrowhead), and a failure to inflate the swimbladder. All scale bars represent 5 mm.
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(A–B) Adult optic nerve (A) and PLLn (B) labeled with anti-aII-spectrin. Nodes are labeled with anti-FIGQY [6]. The anti-aII-spectrin labeling alone
is shown in (A0 0) and (B0 0). Expression of aII-spectrin is enriched in the paranodes (indicated by arrowheads).
(C–G) Nodes from the PLLn of 2.5–9 dpf embryos and larvae labeled with anti-FIGQY and anti-aII-spectrin. The anti-aII-spectrin labeling alone is
shown in (C0 0)–(G0 0). At these stages, aII-spectrin is enriched in various combinations of nodes and paranodes. Arrowheads indicate aII-spectrin
enrichment in paranodes (PN).
(H) No aII-spectrin labeling was detected in aII-spnst60 mutants.
(I) A histogram indicating percentages of PLLn nodes with different aII-spectrin localization patterns at 2.5 dpf (101 nodes from 6 embryos), 3 dpf
(102 nodes from 16 embryos), 5 dpf (101 nodes from 13 larvae), 7 dpf (104 nodes from 17 larvae), 9 dpf (106 nodes from 18 larvae), and adult stage
(94 nodes from 3 adults). A node or paranode was considered enriched if its anti-aII-spectrin labeling was appreciably greater than the neigh-
boring internodes. All scale bars represent 2 mm.independent mechanisms of aII-spectrin localization re-
flect independent functions of aII-spectrin at the nodes
and paranodes? A recent study reported that aII-spec-
trin is not properly localized at the paranode in Caspr
mutants [4], but sodium channels are nonetheless local-
ized to the nodes of Ranvier [18]. This argues against
a model wherein aII-spectrin primarily functions in the
paranode, with a secondary effect on the node. Collec-
tively, the available data suggest that aII-spectrin acts
at the node to stabilize nascent sodium-channel clusters
in the larva.
Our analysis also shows that aII-spectrin is essential
for assembling a mature node of the proper dimensions.
At the ultrastructural level, nodes in wild-type larvae
shorten considerably as they mature. In aII-spectrin mu-
tants, the newly formed nodes are slightly longer than in
the wild-type, and they do not achieve the decreased
length characteristic of mature wild-type nodes. Be-
cause the phenotype involves allocation of axonal terri-
tory to particular domains, rather than formation of thedomains themselves, it is difficult to assign aII-spectrin
function as discretely nodal or paranodal. Interestingly,
at 3 dpf, when nodes are beginning to mature, the most
common expression profile for aII-spectrin was in the
node and both flanking paranodes (Figure 3I). This raises
the possibility that aII-spectrin provides a scaffold that
is essential for the stabilization of membrane micro-
domains and demarcation of the node and paranodes
within the developing paranode-node-paranode domain.
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Supplemental Data include Experimental Procedures, five figures,
and one table and are available with this article online at http://
www.current-biology.com/cgi/content/full/17/6/562/DC1/.
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